Actinobacillus pleuropneumoniae causes porcine pleuropneumonia, a highly contagious, often fatal, respiratory disease. Pleuropneumonia can occur in pigs of all ages, and there are no known associations with predisposing viral or bacterial infections. A. pleuropneumoniae is an obligate parasite of the porcine respiratory tract, and transmission is by aerosol or direct contact with infected pigs. The presentation of disease may be acute, where it is characterized by increasingly severe pulmonary distress that may progress rapidly to death, or chronic infection where it results in a failure to thrive.
Treatment of pigs with acute pleuropneumonia requires parenteral antibiotics (ideally selected after antibiotic resistance testing of the isolated strain), but this is labor intensive, time consuming, and expensive, and can be of limited use due to the rapid progression of the disease. Evidence from field and experimental studies indicates that infection with one serotype of A. pleuropneumoniae provides complete protection against subsequent infection with the homologous serotype and at least partial protection against heterologous infection (19, 37, 68) , suggesting that vaccination might be a feasible alternative to antibiotic treatment. However the development of an effective vaccine has been hampered by the antigenic diversity observed between the 15 different serotypes of A. pleuropneumoniae, and existing whole-cell vaccines provide limited protection (17, 31) .
To improve our understanding of the pathogenesis of A. pleuropneumoniae infection and to identify genes necessary for virulence, we have performed a large-scale signature-tagged mutagenesis (STM) study. STM is a refinement of classical transposon mutagenesis that allows multiple individually sequence-tagged transposon mutants to be screened in a single animal. Since its first description in 1995 (41) , STM has been used to study the in vivo growth and pathogenesis of a variety of microorganisms. These screens have resulted in the identification of large numbers of both classical virulence genes, and what might otherwise be described as housekeeping genes that are essential for growth in vivo. By necessity, STM screens of primary human pathogens have relied on surrogate animal models of infection, typically the mouse. It is clear from looking at these studies that similar genes or biosynthetic pathways are required by different pathogens for survival in the murine host. However, one limitation of this approach is that it may not identify genes involved in specific interactions of a pathogen with its natural host. Here we describe the application of STM to A. pleuropneumoniae to identify genes involved in growth and survival in its natural host, the pig. To our knowledge this is the largest STM screen in a large animal setting with a natural bacterial pathogen.
MATERIALS AND METHODS
Bacterial strains and growth conditions. A spontaneously nalidixic acid-resistant derivative of the virulent A. pleuropneumoniae serotype 1 strain 4074 was selected using conventional methods and designated 4074 Nal r . The virulence of 48) were transformed into E. coli S17 pir and independently transferred to A. pleuropneumoniae strain 4074 Nal r by conjugation. A. pleuropneumoniae strain 4074 Nal r and E. coli S17 pir harboring each of the pLOF/TAG1-48 plasmids were grown overnight at 37°C to the stationary phase of growth. Bacteria were harvested by centrifugation for 15 min at 3,000 ϫ g, washed twice, and resuspended to the original volume in cold 10 mM MgSO 4 . A. pleuropneumoniae recipient (400 l) and E. coli donor (100 l) cells were mixed, concentrated, and spread on to 0.22-m-pore-size filters. Filters were placed onto BHI L plates containing 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and incubated at 37°C with 5% CO 2 for 5 h. Thereafter, the bacteria were removed into 1 ml of sterile phosphate-buffered saline and aliquots were plated on to BHI L supplemented with nalidixic acid (20 g/ml) and kanamycin (100 g/ml). Four separate matings were performed for each of the 48 signature-tagged mini-Tn10 transposons in order to reduce the likelihood of selecting siblings. Transconjugant mutants from the four matings were combined for each tag, and all mutants were screened for susceptibility to ampicillin to eliminate strains carrying cointegrants of the suicide vector, inserted into the chromosome. In total, 2,064 transposon mutants from 48 individual matings were isolated and arranged into 43 pools of 48 mutants. Mutants were stored in 1.5-ml cryotubes with 15% glycerol at Ϫ80°C.
Infection studies. Pools of 48 A. pleuropneumoniae signature-tagged mutants were grown individually until the mid-exponential phase of growth. At an optical density at 600 nm of 0.3, the individual mutant strains were combined and the pooled culture was diluted in 10 mM HEPES (pH 7.4) to 3 ϫ 10 6 CFU/ml. Large White Cross piglets, 6 to 10 weeks old and determined to be A. pleuropneumoniae free by bacteriological and serological analyses, were inoculated intratracheally with 3 ml of the diluted culture. The number of CFU in the inoculum was verified by viable counts after plating serial dilutions of the inoculum on selective BHI L . Each mutant pool was used to infect at least two animals. At approximately 24 h postinfection, surviving animals were humanely killed and the lungs were removed. In initial experiments, surviving bacteria were recovered from infected lungs by extensive lavage with Hanks buffered saline solution (HBSS). However, in later experiments lungs were homogenized in 500 ml of HBSS. Aliquots of the bacterial suspension were plated on selective media and following growth overnight at 37°C with 5% CO 2 , approximately 10,000 colonies were pooled (the "output pool") and total chromosomal DNA was prepared.
Competitive indices and virulence studies. To determine the in vivo competitive index (CI) of 14 selected STM mutants, mutant and wild-type bacteria were grown in Columbia broth with NAD (5 g/ml) and 11 mM CaCl 2 to an optical density at 600 nm of 0.3. The cultures were then combined to give approximately equal numbers of mutant and wild-type organisms, diluted to approximately 3 ϫ 10 6 CFU/ml, and inoculated intratracheally into at least two animals. The ratio of mutant to wild-type bacteria in the inoculum was verified by viable counts after plating serial dilutions of the inoculum in parallel on BHI L plus nalidixic acid (20 g/ml) (mutant and wild type) and BHI L plus nalidixic acid (20 g/ml) plus kanamycin (100 g/ml) (mutant only). Approximately 24 h postinfection, surviving animals were killed and the lungs were removed. The lungs were homogenized in 500 ml of HBSS and aliquots were plated on selective media (see above) to recover surviving bacteria. The in vivo CI was calculated as the output ratio of mutant to wild type divided by the input ratio of mutant to wild-type organisms.
In vitro CIs were determined for all STM mutants identified as consistently attenuated in 4 pigs. Essentially, mutant and wild-type organisms were grown to mid-exponential phase as described above and mixed in equal numbers and the combined culture was incubated, with agitation, at 37°C for a further 3 h. Samples taken at 0 and 3 h were diluted and plated on selective BHI L, and the in vitro CI was calculated as described above.
Virulence gene identification and DNA sequencing. To identify the genes in which insertions attenuate bacterial survival in vivo, DNA flanking the site of transposon insertion was sequenced after cloning or amplification by inverse PCR. For cloning, chromosomal DNA was digested with a panel of restriction enzymes, separated by agarose gel electrophoresis, transferred to a nylon membrane, and probed in a Southern blot with a DIG-labeled probe specific for the Tn10 kanamycin gene. Suitably sized fragments hybridizing to the probe were excised from a gel, purified, and cloned into appropriately digested plasmid vector pBR322. Transformants in E. coli strain XL1-Blue were selected on LB agar containing 100 g of kanamycin/ml. To facilitate sequencing with the Tn10-specific oligonucleotide primer BS401 (5Ј-GACAAGATGTGTATCCACC-3Ј), the cloned insert was further subcloned into pBCKS (Stratagene). Inverse PCR amplification of DNA flanking the site of transposon insertion was performed essentially as described previously (28) . Briefly, chromosomal DNA was digested with SspI (which cuts once in the transposon), and 150 ng was self-ligated for 15 min using the Rapid DNA ligation kit (Roche). The ligated DNA was then amplified using the primer pairs BS401-TEF48 and BS401-TEF62. Reaction conditions for inverse PCR were as described previously. The resultant ampli-VOL. 71, 2003 A. PLEUROPNEUMONIAE GENES IMPORTANT IN VIVO 3961 cons were purified following agarose gel electrophoresis using a QIAQUICK gel extraction kit (Qiagen). DNA sequencing reactions were performed using the BigDye terminator cycle sequencing kit (Perkin-Elmer). Sequences from each of the attenuated mutants were used to query the nonredundant public DNA and protein databases using the BLAST set of similarity search programs (2) .
RESULTS AND DISCUSSION
Generation of signature-tagged mutants of A. pleuropneumoniae. A total of 2,064 transposon mutants from 48 individual matings were isolated and arranged into 43 pools of 48 mutants. Southern blot analysis of ten randomly chosen exconjugants with a mini-Tn10-specific probe confirmed single, random insertion of the tagged transposon (data not shown). However, subsequent sequence analysis of attenuated clones revealed that mini-Tn10 insertion in A. pleuropneumoniae was not entirely random (see below).
STM screen of A. pleuropneumoniae in pigs. Signaturetagged A. pleuropneumoniae mutants were screened using a porcine intratracheal infection model to identify genes required for virulence. Bacteria were instilled directly into the trachea as previous studies have shown that aerosol particles produced by sneezing are small enough to penetrate into the lower respiratory tract, obviating the need for colonization of the upper respiratory tract (46) . A range of experimental factors including the infecting dose and the method of recovery were investigated before we could reproducibly recover the majority of individual mutants following in vivo selection in the porcine host. Using challenge doses of 10 3 , 10 4 , or 10 5 CFU, there was a poor correlation between the infecting dose and the appearance of clinical signs of disease. Moreover, when different pigs were infected with the same pool, the hybridization patterns of the postpassage pool suggested that different clones were missing after passage of a given pool through different animals (data not shown). This inconsistency was overcome by increasing the challenge dose to 10 6 to 10 7 CFU/ pig. In an earlier STM study of A. pleuropneumoniae infection in pigs (29) , bacteria were recovered by lung lavage following experimental infection. However, we found this method to be unreliable, yielding essentially random recovery of individual signature tags. In contrast, we observed consistent recovery of viable bacteria following homogenization of the entire lung in HBSS. Optimization of these two crucial parameters resulted in the recovery of the majority of individual clones (Ͼ90%, 20 to 48 h postinfection), with excellent reproducibility between animals (Fig. 1, compare panels A and B ). The initial screen using two pigs per pool identified 550 mutants present in the input pool but missing or significantly reduced in the output pools. Potentially attenuated mutants were reassembled into new pools and each new pool was used to infect a further two animals. Following this second screen, 105 mutants were found to be consistently absent from the output pools and retained for further analysis.
Identification and analysis of virulence genes of A. pleuropneumoniae. Southern blot analysis of all attenuated mutants confirmed the presence of single insertions. The nucleotide sequence of the DNA flanking the site of transposon insertion obtained for each of the 105 attenuated mutants was used to search the GenBank databases for homologous genes. The results of this analysis are shown in Table 1 , with the genes assigned to one of five functional categories: cell surface, metabolism, regulation, transport, and stress responses. Insertions in genes encoding proteins with no significant homology to proteins in the databases or homologous to proteins or predicted proteins of unknown function are categorized as unknown. The 105 attenuated mutants contained transposon insertions in 55 individual genes, and a number of hot spots for Tn10 insertion were identified. In particular, seven identical insertions were independently isolated in the A. pleuropneumoniae rfbP gene (Tn insertion at codon 444), five insertions were independently isolated in the apvD (macA) gene homologue (codon 66), and three of four insertions in the putative fur gene were at the same site (codon 128). Interestingly, the DNA sequences flanking the three hot spots identified in this study are similar neither to each other nor to a consensus sequence for Tn10 insertion identified previously in A. pleuropneumoniae (12, 13) . However, the hot spot in the rfbP gene was previously identified by Labrie et al. (55) , who found 2 of 3 Tn10 insertions in this gene mapped to codon 444.
Of the 55 mutants found to be consistently attenuated in four pigs, only 11 mutants showed a Ͼ2-fold reduction in b Genes with sequences in public databases with highest similarity to STM sequences. Names of source bacteria are shown in parentheses. In some instances, gene designations are from whole genome sequences, giving a two-letter code for the bacterium followed by the sequence number (e.g., PF0798).
c The transposon insertion in 9A4 maps to the last codon of a gene encoding a C 4 -decarboxylate transport protein homolog. However, the downstream sequence (likely affected by the Tn insertion) shows no homology to any known genes.
d Span ϭ number of nucleotides over which similarity was detected. e Genbank accession numbers listed are for the sequences similar to the STM sequences, not for the STM sequences themselves. f The CI was calculated as the ratio of (mutant CFU/wild-type CFU) input/(mutant CFU/wild-type CFU) recovered (41) .
growth in vitro compared to the wild type (Table 1 ). Mutations located in three genes involved in lipopolysaccharide (LPS) biosynthesis (rfbU, rfbN, and rfbP) and two genes involved in heme biosynthesis (hemA and uroD) resulted in the lowest in vitro CIs, with a Ͼ10-fold reduction in growth. The attenuation of these mutants is thus at least in part due to a general growth defect, although it is possible that they are even more attenuated in vivo. Due to the large number of attenuated mutants identified in the screening process, it was not possible to determine an in vivo CI for each one. Therefore we selected mutants representing each group of affected genes. In calculating the level of attenuation in vivo, we included mutant 9C2 (cpxC::km) as a control, since capsular mutants are known to be highly attenuated in vivo (81, 100) . This mutant gave an in vivo CI of 3.88 ϫ 10 Ϫ3 . A further 7 of 14 mutants tested were confirmed as highly attenuated in vivo, with CIs ranging from 6.50 ϫ 10 Ϫ2 to 3.43 ϫ 10 Ϫ4 (Table 1) . However, the remaining six mutants did not appear attenuated when administered in equal amounts with the wild type despite consistent lack of recovery from the mixed pools. Similar results have been found in other STM studies (4, 60) , and may indicate that the affected genes have more subtle influences on virulence that are not seen at higher doses, or in less diverse populations. Alternatively these genes may be false positives from the STM screen. Further in vivo analysis of these and the remaining 41 mutants will help to determine the relative importance of the affected genes in pathogenesis of A. pleuropneumoniae infection.
Some new insights into the requirements of this bacterium during acute infection are indicated through identification of highly attenuated mutants, as well as through groups of mutants in which affected genes share related functions. In particular, genes involved in expression of cell surface antigens, energy metabolism, nutrient uptake, and stress response are highlighted below.
Production of a polysaccharide capsule is a common virulence mechanism of bacterial pathogens and previous studies have demonstrated a key role for capsular polysaccharide in the pathogenesis of A. pleuropneumoniae infection (100). Sequence analysis of three attenuated strains (36B1, 9C2, and 26A12) showed that the transposon had inserted in genes involved in the export of capsular polysaccharide (cpxB, cpxC, and cpxD, respectively [99] ). In A. pleuropneumoniae, the cpx genes are arranged in an operon in the order cpxD, cpxC, cpxB, cpxA, and it is likely that transposon insertions within the operon would have polar effects on downstream genes.
Alterations in LPS are also known to cause reductions in A. pleuropneumoniae virulence (80), and 5 attenuating lesions were identified in genes implicated in A. pleuropneumoniae O-antigen biosynthesis. Mutant strains 10B11, 25B7, 15A9, 12D5, and 14A1 contain, respectively, insertions in open reading frames (ORFs) 9, 12, 15, 17, and 18 of the A. pleuropneumoniae O-antigen biosynthesis operon (55) . These genes encode putative rhamnosyl transferases (rfbC and rfbN), putative glycosyl transferases (rfbU and an unnamed gene), and a putative undecaprenyl-phosphate galactose phosphotransferase gene (rfbP). Interestingly, Labrie et al. (55) found a mutant disrupted in the rfbP gene was not attenuated and had growth in vitro similar to that of the wild-type strain. In contrast, we isolated seven independent mutants defective in this gene that were all identified as attenuated in four pigs each. In addition, we found that this mutant as well as the rfbC, rfbU, and rfbN mutants showed reduced growth in vitro compared to that of the wild type (Table 1) . In strain 9B7, the transposon has inserted immediately upstream of galU, a gene known to be involved in synthesis of the LPS core, as well as in virulence, of A. pleuropneumoniae (79) (92) . H. somnus LppB binds Congo red dye (a structural analogue of heme) and has been suggested to be a virulence factor, but this has not been formally proven (92) . In strain 18A12, the transposon has inserted in a gene whose product shares homology with the NlpI lipoprotein gene of E. coli (71) . Mutations in NlpI affect cell morphology and render cells osmosensitive. In E. coli and P. multocida the nlpI gene is located immediately downstream from pnp (see mutant 9B5 below), but may be transcribed independently from pnp, at least in E. coli (97) . Finally, strain 25B12 contains an insertion in an ORF encoding a protein with homology to the P2 porin of H. influenzae (24) . The P2 protein constitutes approximately one-half of the total outer membrane protein of H. influenzae and represents an important target of the immune response to nontypeable H. influenzae infection (103) .
Interestingly, in this STM screen, 10 of 21 attenuating mutations identified in genes encoding metabolic functions are located in genes involved in energy metabolism and/or redox balancing. In E. coli, disulfide bond formation in exported proteins is catalyzed by DsbA and DsbB, and is directly coupled to the electron transport chain via reoxidation of DsbB by either ubiquinone or menaquinone, which are in turn reoxidized by cytochrome terminal oxidases (5, 6) . Mutant 35D11, with the transposon inserted in dsbA, was 10 times more attenuated than the capsule mutant in vivo, yet showed no difference in growth compared to the wild type in vitro. Mutations in dsbA are pleiotropic, affecting the production of a variety of translocated proteins including bacterial virulence factors, components of type III secretion machinery, and ctype cytochromes such as periplasmic nitrate reductase (NAP) (104) . The catalogue of proteins processed by DsbA have not yet been determined in A. pleuropneumoniae, and it may be that the marked reduction in virulence of the DsbA mutant is due to the combined effects of two or more altered proteins. As mentioned previously, ubiquinone, a central component of the electron transport chain under aerobic conditions, functions in the formation of disulfide bonds in periplasmic proteins by facilitating the reoxidation of DsbA by DsbB (5, 51). In strain 15A11, the transposon has inserted in a gene homologous to P. multocida visC, putatively encoding a monooxygenase belonging to the UbiH/CoQ6 family. UbiH is required for the biosynthesis of ubiquinone (66) .
One of the proteins likely processed by DsbA is NAP. Strain 29B11 contains a transposon insertion in a napB gene homologue, encoding the smaller, diheme cytochrome c subunit of heterodimeric NAP. As in H. influenzae and Pseudomonas spp, NAP is the sole nitrate reductase in A. pleuropneumoniae and may function to support anaerobic growth in the presence of nitrate (11, 15, 25) . Although the in vivo CI of the napB mutant indicates it is not attenuated at a high infectious dose, NAP may play a role in redox balancing, as well as in adaptation to anaerobic metabolism after transition from aerobic conditions, and the utilization of alternate reductants (65) . Several of the other inactivated genes identified in this study could also affect the production of NAP, in addition to having other functions. Strain 4B9 contains a transposon insertion in a moaA gene homologue. In E. coli the moaABCDE genes are required for the synthesis of molybdopterin (molybdopterin guanine dinucleotide) from GTP (82) . Molybdopterin is the principal cofactor found in prokaryotic molybdoproteins including NAP. Expression of the moa genes is induced by anaerobiosis (3), and Salmonella enterica serovar Typhi moaA mutants are impaired in their ability to replicate within epithelial cells (18) . Strain 17B8 contains an insertion in a gene homologous to H. influenzae ccmH, required for the assembly of c-type cytochromes, including NAP, in enteric bacteria (53, 94) . CcmH is encoded by the final gene of the ccm operon and with CcmF and CcmG is believed to catalyze the reduction of disulfide bonds in the cytochrome c apoprotein and to facilitate heme attachment (53) . Hemes including protoheme are key components of all cytochromes including cytochrome c, and in addition, play important roles as enzyme prosthetic groups in mineral nutrition and oxidative catalysis (9) . Two genes involved in heme synthesis, glutamyl-tRNA reductase (hemA) and uroporphyrinogen decarboxylase (uroD/hemE), have been disrupted in strains 26C3 and 26D5, respectively. Glutamyl-tRNA reductase catalyses the reduction of glutamate to glutamate 1-semialdehyde, the first committed step unique to the formation of ␦-aminolevulinate (ALA) from glutamate. Downstream from ALA formation, uroporphyrinogen decarboxylase catalyses the decarboxylation of uroporphyrinogen III to yield coproporphyrinogen, the first step in the conversion of uroporphyrinogen III to protoheme via protoporphyrin IX. The critical importance of heme biosynthesis in A. pleuropneumoniae is highlighted by the fact that both the hemA and hemE mutants showed growth defects in vitro. In strain 0A7, the transposon has inactivated a homologue of the pntB gene that encodes the beta subunit of NAD(P) transhydrogenase. Transhydrogenase couples the redox reaction between NAD(H) and NADP(H) to the translocation of protons across the inner membrane, and plays a key role in energy metabolism, biosynthetic and catabolic activities of the cell (73) . The A. pleuropneumoniae gene aopA is inactivated in strain 23C9. The aopA gene has been identified as encoding a 48 kDa immunogenic outer membrane protein common to all serotypes of A. pleuropneumoniae tested (20) . Interestingly, AopA is highly homologous (76% identity, 85% similarity over the entire protein sequence) to Nqr1 of H. influenzae (NqrA of Vibrio alginolyticus), encoding the alpha chain of the sodiumtranslocating NADH-ubiquinone oxidoreductase (NQR) complex (10, 40) . The NQR enzyme is a respiration-linked Na ϩ pump establishing an electrochemical gradient of sodium ions across the membrane. The resultant sodium motive force can be used for solute transport, ATP synthesis, and flagellar rotation. This alternative energy coupling of sodium ions rather than protons enables the bacteria to maintain a cytoplasmic pH near neutrality in an alkaline environment (39) . The enzyme ATP synthase is responsible for utilizing the proton electrochemical gradient across the cytoplasmic membrane for ATP synthesis in cells growing aerobically or anaerobically. In strain 33C7, the attenuating lesion was found to occur in a gene homologous to H. influenzae atpA, encoding the F 1 alpha subunit of F 1 F 0 ATP synthase. In P. multocida, all eight subunits of the bacterial enzyme are encoded by the atp operon, with atpA flanked by atpH and atpG (61) . This gene order is the same in A. pleuropneumoniae, and both atpH and atpG have been previously implicated in the pathogenesis of A. pleuropneumoniae infection (29) .
Transduction of energy from the proton motive force (PMF), generated by the electrochemical gradient across the cytoplasmic membrane, to the outer membrane occurs via the cytoplasmic membrane-localized TonB-ExbB-ExbD complex (42, 64) . This complex plays a central role uptake of iron and vitamin B 12 by coupling energy from the proton motive force to high-affinity outer membrane receptors (42, 64) . Some bacterial pathogens, including Vibrio cholerae and Pseudomonas aeruginosa, possess two independent TonB systems that are not entirely redundant in function (70, 105) . Our STM screen identified transposon insertions in 2 distinct tonB loci in A. pleuropneumoniae. Mutant 27A12 contains a transposon insertion in a gene previously identified in A. pleuropneumoniae as tonB (96) (now referred to as tonB1). This gene is found immediately upstream of, and is cotranscribed with, exbB, exbD, and the transferrin binding protein (tbp) genes. In contrast, strain 0F6 contains a transposon insertion in an ORF encoding a protein with homology to TonB proteins from P. multocida and Haemophilus sp. (now designated tonB2). Moreover, sequence analysis of the region upstream from the transposon insertion in 0F6 revealed the presence of distinct exbB and exbD gene homologues, suggesting that A. pleuropneumoniae, in common with other bacterial pathogens, including V. cholerae and P. aeruginosa, possesses two independent TonB systems (70, 105) . Results of the in vivo CI experiments indicate that mutation of tonB2, but not tonB1, leads to attenuation under conditions of acute infection. This indicates that the two systems may serve different functions in vivo.
The remaining mutants in the metabolic category are affected in various pathways. Strain 10B12 contains a transposon insertion in an ADP-ribose pyrophosphatase (adpP) gene homologue. The E. coli ADP-ribose pyrophosphatase catalyzes the hydrolysis of ADP-ribose to ribose-5-P and AMP, compounds that can be recycled as part of nucleotide metabolism (32) . In strain 26D12 the transposon has inactivated a GMP synthase, guaA, gene homologue. GMP synthase catalyzes the synthesis of GMP from XMP as part of the purine biosynthetic pathway. Mutations in the guaBA operon attenuate the virulence of a variety of enteric pathogens, including E. coli, Shigella flexneri, and S. enterica serovar Typhi, and a ⌬guaBA S. enterica serovar Typhi derivative shows promise as a live attenuated vector (69, 86, 98) . Moreover, previous STM screens in Streptococcus agalactiae and P. multocida have implicated guaA and guaB, respectively, in growth in vivo and pathogenesis (28, 45) . In strain 26A10 the transposon has inserted in a VOL. 71, 2003 A
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on February 20, 2013 by PENN STATE UNIV http://iai.asm.org/ gene with extensive homology to thrC of H. influenzae. The thrC gene encodes threonine synthase, the final enzyme in the biosynthetic pathway leading to the production of threonine (72) . Mutations in a Streptococcus pneumoniae thrC homologue attenuate the virulence of this organism in a murine model of pneumoniae (56) . Strain 10A11 carries an insertion in an argininosuccinate synthase, argG, gene homologue. Argininosuccinate synthase catalyses the conversion of citrulline and aspartate into argininosuccinate, linking the urea cycle and the citric acid cycle via the so-called aspartate-argininosuccinate shunt. The aspartate-argininosuccinate shunt provides a metabolic link between the pathways by which amino groups and the carbon skeletons of amino acids are processed (34) . Mutant 29B12 contains an insertion in the A. pleuropneumoniae recR gene homolog. The RecR protein is involved in the RecF pathway of recombination DNA repair: recR mutants are deficient at filling in daughter strand gaps in newly synthesized DNA (54) . Mutations in recR delay induction of the SOS response in E. coli and such mutants are sensitive to UVirradiation and mitomycin C (48) . In strains 26A3 and 33B7 the transposon has inserted in genes with homology to the trmH family of tRNA/rRNA methyltransferases. The interrupted ORF in strain 26A3 shows greatest homology to H. influenzae yibK, while that in strain 33B7 shows most similarity to yjfH of H. influenzae. Strain 29A10 contains a transposon insertion in a gene homologous to prfC of H. influenzae. The prfC gene encodes peptide chain release factor 3 (RF3), a GTPase that, in the presence of GTP, catalyses the removal of RF1 and RF2 from the ribosome after translation termination (27) . The efficient recycling of RF1 and RF2 by RF3-GTP, although dispensable for viability in prokaryotes, is required for maximum growth rate (49) .
In strain 19D5, the transposon has inserted in the A. pleuropneumoniae mrp gene. The partial A. pleuropneumoniae mrp gene sequence available (GenBank reference no. AAD01696) is highly homologous to those of mrp genes from H. influenzae and E. coli. In H. influenzae, the mrp gene has been implicated in the biosynthesis of the Gal␣(1-4)␤Gal component of LPS, while in Salmonella enterica serovar Typhimurium, mutations in mrp affect the synthesis of thiamine (43, 74) . In A. pleuropneumoniae, the mrp gene is located approximately 1 kb upstream from the apxIVA gene, encoding the in vivo-induced RTX toxin, ApxIV (88) . These genes do not appear to be transcriptionally linked due to the presence of a transcriptional terminator downstream of mrp (88) , although like the apxIVA gene, mrp was found to be specifically expressed in vivo in A. pleuropneumoniae (30) .
Finally, insertions in the A. pleuropneumoniae luxS homologue (strain 26D3) were observed to attenuate A. pleuropneumoniae virulence. The LuxS protein is required for production of an autoinducer molecule (AI-2) implicated in quorum sensing and gene regulation in a number of gram-negative and gram-positive bacteria (8) . Recently, LuxS has been shown to have a central metabolic function in the cleavage of S-ribosylhomocysteine as part of S-adenosylmethionine metabolism (101) . It was suggested that AI-2 might not be a signal molecule, but rather a metabolite that is released during early growth and may be taken up at later stages as a nutrient (101) . This role in metabolism may be more likely to be responsible for the attenuation detected in the STM screen, as secretion of an autoinducer would be complemented by the other mutants within the pool.
In addition to the TonB systems discussed above, A. pleuropneumoniae expresses a number of factors that are involved in the acquisition and uptake of iron (reviewed in reference 14), attesting to the importance of this metal in cellular metabolism. In this study, we have identified yet another possible iron transport protein. In strain 13B12, the transposon has inactivated a gene with homology to yfeB of P. multocida. The Yfe system has been best characterized in Yersinia pestis where it functions as an ATP-binding protein cassette (ABC) transporter of iron and manganese, and is required for full virulence (35) . Uptake of iron needs to be tightly regulated since, although iron is essential for cellular metabolism, excess iron is toxic. The ferric uptake regulation (Fur) protein is a transcriptional repressor of iron-regulated promoters that binds to target DNA when excess iron is available (38) . The A. pleuropneumoniae homologue of fur was found to be inactivated in strain 6C12, leading to a high level of attenuation in vivo. Fur or Fur-like proteins have been shown to regulate expression of a large number of proteins, including virulence factors, in a variety of pathogens (16, 75, 89) . It is likely that the A. pleuropneumoniae Fur similarly regulates expression of a large number of genes. The mutant generated in this study will be useful in dissecting the Fur regulon of A. pleuropneumoniae.
In addition to the putative iron-manganese ABC transport protein identified in strain 13B12, components of six other putative ABC transport proteins were identified as necessary for virulence of A. pleuropneumoniae. ABC transport systems are involved in the transport (uptake or efflux) of a diverse array of macromolecules across the cytoplasmic membrane of bacteria and eukaryotes. These systems usually consist of three basic parts: one or two ATPases, one or two integral membrane proteins and a substrate-specific binding protein. Strains 13B12, 0C5, 19D1, and 32A7 contain transposon insertions in the ATPase component of ABC transporters. The gene inactivated in strain 0C5 encodes a protein with significant homology to MglA of prokaryotic galactose transporters (78) . The in vivo CI of this mutant indicates limited availability of certain sugars within the respiratory tract environment. The interrupted ORFs in strains 19D1 and 32A7 are homologous to hypothetical ATPases from transport systems of unknown specificity in P. multocida (PM1728 and PM0996, respectively). In strain 35D1, the transposon has inactivated a gene with extensive homology to znuA of Haemophilus ducreyi and pzp1 of H. influenzae (57) (58) (59) . ZnuA (PZP1) is a periplasmic zincbinding protein that plays a key role in zinc uptake. Inactivation of the znuA gene in H. ducreyi caused a significant decrease in virulence in the rabbit model for experimental chancroid (57) . In strain 0D6 the transposon has inserted in a gene encoding a protein with homology to putative integral membrane proteins from P. multocida (PM0997) and N. meningitidis (NMB0549). In P. multocida, PM0997 is located immediately upstream from the ATPase inactivated in strain 32A7, suggesting that they are part of the same transport system (61) . This gene was also identified by Fuller et al. (29) as apvD, the predicted product of which shows homology with the macrolide-specific ABC-type efflux protein MacA (50) . In mutant 9D10, the disrupted gene sequence encodes a protein with homology to CorC that mediates both influx and efflux of magnesium as well as cobalt efflux (33) . Thus, not all of the ABC transport proteins identified are involved in nutrient acquisition.
Members of the third group of genes of related function identified as necessary for full virulence of A. pleuropneumoniae encode proteins involved in stress response. In strain 13A3, the transposon has inserted in a dnaJ gene homologue. DnaJ is an essential component of bacterial Hsp70 chaperone systems where it functions as a cochaperone, providing substrate specificity to its Hsp70 partner, DnaK (85) . In addition to their fundamental roles in protein folding and translocation, DnaK and DnaJ constitute the primary stress-sensing and transduction systems of the E. coli heat shock response (95) where they modulate the induction of the heat shock response by altering the stability of the heat shock sigma factor 32 . Significantly, mutations in DnaK have previously been shown to attenuate A. pleuropneumoniae virulence, and to decrease the survival of Brucella suis in human macrophage-like cell lines (29, 52) . Strain 26B6 contains an insertion in an htpG gene homologue. HtpG is a heat shock-induced molecular chaperone that, in E. coli, contributes to the correct folding of cytoplasmic proteins in mildly stressed cells (93) . It has been suggested that HtpG serves as a holder chaperone, transiently maintaining a subset of de novo synthesized proteins in a conformation that is accessible to DnaK and DnaJ (26) . In strain 22A10, the transposon has inserted in a trigger factor (tig) gene homologue that was identified in a previous STM study of A. pleuropneumoniae (29) . Trigger factor is a molecular chaperone with peptidyl-prolyl isomerase activity. In E. coli, trigger factor and DnaK cooperate to promote the folding of a variety of proteins (23) . A lon gene homologue was also identified as containing the transposon insertion in strain 13D8. Lon (also called protease La) is a heat shock-inducible, ATP-dependent serine protease that plays a major role in the elimination of abnormally folded proteins (36, 91) . In addition to its demonstrated role as a stress response protease, Lon also functions as a pleiotropic regulator of gene expression by degrading unstable regulatory proteins, including RcsA, a positive regulator of capsule synthesis (47) , and SulA, an inhibitor of cell division and component of the E. coli SOS response (63) . Recent studies in Brucella abortus have demonstrated that Lon is required for survival in murine macrophages and wild-type virulence in a mouse model of infection (83) . Strain 13C1 carries a transposon insertion in a prc gene homologue. Prc is a periplasmic protease, the natural substrates of which appear to be membrane proteins, including TonB (36) . It has been speculated that Prc functions as a chaperone involved in the folding and turnover of proteins in the periplasmic space (7) . Strain 9B5 contains an insertion in the pnp gene encoding polynucleotide phosphorylase (PNPase). PNPase is a processive, cold shock-inducible, inorganic phosphate-dependent exoribonuclease, a component involved in mRNA degradation (77) . In E. coli and Yersinia enterocolitica, PNPase function is required for the resumption of normal cell growth after cold shock (67, 102) . Mutations in pnp affect the virulence of related organisms, including P. multocida and N. meningitidis (28, 90 (1) . Surprisingly, although the MclA mutant was confirmed as attenuated by in vivo CI, the RpoE mutant was not. Further investigation will be required to determine the relative importance of this system in pathogenesis of A. pleuropneumoniae.
As in most STM studies, we also identified homologues of genes of unknown function in addition to organism-specific sequences with no known homologues. Two mutants (4C1 and 32A11) with transposon insertions within homologues of P. multocida genes encoding proteins of unknown function were not attenuated at a high infectious dose. In contrast, two other mutants (14D5 and 2D5) that contained transposon insertions in genes that shared no homology with any known sequences were highly attenuated. The transposon insertion in 9A4 maps to the last codon of a gene encoding a C 4 -decarboxylate transport protein homolog. However, the downstream sequence (likely affected by the Tn insertion) shows no homology to any known genes. Determination of the function of these unknown proteins may provide information critical to our understanding of pathogenesis of A. pleuropneumoniae infection.
Conclusions. This STM study has resulted in the identification of both known virulence genes, such as those involved in biosynthesis of capsule and LPS, and a large number of genes that were not previously implicated in pathogenesis of A. pleuropneumoniae infection. In total we found 105 of 2,064 (5.1%) mutants to be attenuated, with 55 different genes disrupted. In a previous STM screen of A. pleuropneumoniae (29) , 110 of 800 (13.8%) potentially attenuated mutants were found, but only 20 different genes were identified, and of these only 3 (tig, pnp, and apvD/macA) are common to that study and ours. In addition, only one of the genes (mrp) identified in an in vivo expression technology study of A. pleuropneumoniae (30) was also found in our STM screen. These results indicate that neither STM screen has been saturating, and there are likely many more factors to be discovered that contribute to the ability of A. pleuropneumoniae to survive in vivo. Interestingly, Fuller et al. (29) found that 28 of 110 inserts were located in 13 different sites within 23S RNA regions, a factor that they considered to be a barrier to saturation mutagenesis. In contrast, we found no inserts in 23S RNA regions, although three other hot spots were identified. It is possible that differences in the methods of bacterial recovery used influenced the number and type of mutants identified in the two studies.
Although many of the genes encoding metabolic and transport proteins are conventionally considered to be housekeeping genes, we have shown that they are specifically necessary for the survival of A. pleuropneumoniae within the lungs of infected pigs. In particular, several of the identified genes may contribute to the organism's ability to grow under anaerobic conditions. Further analysis of the affected metabolic pathways and nutrient acquisition mechanisms may provide a better understanding of the in vivo environment with regard to avail- It is well known that iron is an important nutrient that is limited in vivo and that A. pleuropneumoniae, like many pathogenic bacteria, expresses a number of iron acquisition proteins. In this study, we have identified a second TonB/ExbB/ExbD system in A. pleuropneumoniae. Mutation of tonB2 greatly reduced the virulence of A. pleuropneumoniae, indicating that the other TonB/ExbB/ExbD system does not fully complement the function(s) of the secondary system (manuscript in preparation).
Clearly the ability to respond to, and repair damage caused by, environmental stress is an important contributor to the ability of A. pleuropneumoniae to survive and cause disease. Although stress response mechanisms are considered virulence determinants of numerous intracellular pathogens, their role in pathogenesis of A. pleuropneumoniae has not yet been investigated. Studies are now under way in our laboratory to address this important aspect of host-pathogen interaction.
